Liquid-crystal blue phases (BPs) are highly ordered at two levels. Molecules exhibit orientational order at nanometer length scales, while chirality leads to ordered arrays of double-twisted cylinders over micrometer scales. Past studies of polycrystalline BPs were challenged by the existence of grain boundaries between randomly oriented crystalline nanodomains. Here, the nucleation of BPs is controlled with precision by relying on chemically nanopatterned surfaces, leading to macroscopic single-crystal BP specimens where the dynamics of mesocrystal formation can be directly observed. Theory and experiments show that transitions between two BPs having a different network structure proceed through local reorganization of the crystalline array, without diffusion of the doubletwisted cylinders. In solid crystals, martensitic transformations between crystal structures involve the concerted motion of a few atoms, without diffusion. The transformation between BPs, where crystal features arise in the submicron regime, is found to be martensitic in nature when one considers the collective behavior of the double-twist cylinders. Single-crystal BPs are shown to offer fertile grounds for the study of directed crystal nucleation and the controlled growth of soft matter.
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T
here is considerable interest in understanding at a fundamental level the processes through which crystals are nucleated, and how they grow and transform between different lattice symmetries. Among crystal-crystal transformations, martensitic transitions are of particular interest, as they involve a collective and diffusionless atomic rearrangement that occurs at velocities comparable to the speed of sound in the material (1) . Here, we use liquid crystals (LCs) that exhibit long-range order and crystalline symmetries with lattice constants in the submicron regime, the socalled blue phases (BPs), to study a liquid analog of a crystalcrystal transformation. BPs are thermodynamically stable liquid crystalline states that occur in a narrow range of temperatures between the cholesteric (Chol) and isotropic (I) phases of chiral LCs. In BPs, the molecules are locally oriented and organized in such a way as to form structures known as double-twist cylinders. These cylinders, which arise from a balance of long-range elastic distortions and short-range enthalpic contributions to the free energy, adopt a cubic lattice structure, which is interdispersed by an ordered network of topological defects (disclination lines). Depending on the thermodynamic conditions, the double-twist cylinders adopt a body-centered cubic structure (BCC), which produces the so-called blue phase I (or BPI), or they adopt a simple cubic structure (SC), which corresponds to the so-called blue phase II (or BPII). In both cases, the lattice parameters are on the order of a few hundred nanometers (2) (3) (4) . BPs exhibit selective light reflections; they have fast electro-optical switching characteristics, with submillisecond response times, and their viscosity is relatively large (3, (5) (6) (7) (8) . This combination of properties offers advantages over conventional LCs for emerging applications in the realm of electro-optical and sensing technologies (5-15). A number of important limitations, however, have severely limited their widespread use. These include the narrow range of temperature over which they are stable, and the polycrystalline nature of the actual specimens that are typically produced in traditional experiments on homogeneous surfaces. Polycrystalline structures are generally riddled with grain boundaries that can severely limit electro-optical performance. Recent efforts have sought to develop strategies to significantly increase the thermal stability of BPs (14, (16) (17) (18) (19) (20) (21) (22) (23) . Control of the lattice orientations of BPs, however, has been difficult to achieve; unlike nematic LCs, the molecular alignment of BPs is not uniform, and multiple nucleation seeds occur simultaneously during the course of a BP phase transition (24) (25) (26) (27) (28) .
Recently, Chen et al. carried out experiments of BPs confined between chemically homogenous surfaces; consistent with expectations, they observed that the nucleation process determines the monodomain size and the corresponding crystal orientation. These authors also observed that nucleation is mediated by the chemical interactions and anchoring energy between the LC molecules and the surface (29) . Phase transitions between BPs have been found to be first order. They involve latent heat (30) , and the BPI-BPII transformation is preceded by a crosshatched structure that is attributed to a mismatch between the different BP-lattice symmetries (4). However, in past experiments, the polycrystalline nature of the BP samples, with an abundance of multiplatelet domains (grain-like), precluded direct observation of the crystal nucleation and growth kinetics, and of the reorganization of the lattice structure during the BPI-BPII transition. In recent work, Henrich et al. adopted a theoretical perspective to study the dynamics of the ordering process of BPs.
Significance
The processes that mediate crystal nucleation and growth, and the transformation between crystal structures having different lattice symmetries, are of fundamental importance to a wide range of scientific disciplines. Here, we use single crystals of liquid-crystal blue phases with a controlled orientation to study the liquid analog of a crystal-crystal transformation. In contrast to traditional atomic crystals, the transitions that arise in blue phases take place over submicron length scales. They do, however, occur in a diffusionless manner, with characteristics that are reminiscent of traditional martensitic transformations in atomic crystals.
Specifically, these authors simulated BPI or BPII nuclei embedded in an isotropic or a cholesteric background (31) , and found that BPs grow disorderly from the nuclei, leading to metastable states characterized by an amorphous defect network. In their work, the nuclei were quenched to temperatures where the BPI and BPII are thought to be stable; these authors then suggested that the ordering dynamics of BPs exhibits a hierarchical nature, which requires a secondary nucleation stage to control the nucleation and orientation of bulk BPs.
Motivated by the challenges outlined above, and building on demonstrations from our group where chemically patterned surfaces were used to direct the self-assembly of sphere-forming block copolymer into ordered structures by controlling the boundary conditions and film thickness (32), we recently proposed a different strategy to direct the formation of stable monodomain, single-crystal BP specimens over macroscopic (millimeter) length scales (33) . A central feature of that strategy is the ability to control the lattice orientations of the BPs during the course of a phase transition, be it from isotropic to BP (I to BP), or from cholesteric to BP (Chol to BP). By relying on ideas from small and large-molecule epitaxial growth, where a patterned substrate is used to seed the nucleation of crystalline domains, we designed chemically patterned surfaces to directly assemble double-twist cylinder structures into homogeneous, single-crystal BPs that adopt a prescribed lattice orientation (a desired optical axis). The specifically designed chemical patterns are used to impose planar or homeotropic (perpendicular) molecular alignments at the surface with nanoscale precision. The chemical pattern's characteristics were inferred from theoretical calculations, using state-of-the-art simulations that enable description of large samples of chiral LCs (33) . In this work, we capitalize on such pattern designs and our ability to pattern surface-grafted LC polymer brushes to produce macroscopic single-crystal BPI and BPII samples with cubic lattices where the (1 1 0) and the (1 0 0) planes are parallel to the substrate, respectively. Our experimental setup allows us to track the nucleation and epitaxial growth of the BPs along different kinetic pathways. By examining the transition between BPI and BPII, we are then able to generate a detailed picture of a macroscopic crystal-crystal phase transition that, to our knowledge, is without precedent in the literature.
Three distinct nucleation regions are identified: the patterned surface, the nonpatterned surface, and the bulk. These regions provide access to different levels of engineering control for the creation of single-crystal BPs. Our experimental observations are interpreted in terms of large-scale simulations, which provide detailed insights into the surface-guided BPII-BPI transition. Through that process, BP defects are shown to locally fold (or unfold), move, and reconfigure without getting trapped into disordered metastable states. If one adopts the view that defects are mesoscale objects, both experiments and simulations suggest that the chemical patterns direct the BPI-BPII transformation through a local, diffusionless reorganization process, characterized by collective motion of the cubic lattices over large sample areas. In the particular context of a crystal-to-crystal transition, we find that it is possible to have a martensitic-like transformation in liquids, where the diffusionless feature takes place on submicron scales, and is associated with the collective motion of double-twisted cylinders. The transition is remarkably fast-in a matter of seconds (or less), the material undergoes a transformation between two macroscopic BP single crystals. More generally, the epitaxial assembly strategy presented here offers an opportunity to directly examine nucleation and growth processes over much longer length scales than with atomic crystals.
Results
The BPs of the chiral LC used in this work have unit cell sizes a BPI = 255 nm and a BPII = 150 nm for the BPI and BPII, respectively (15) . The LC is confined into 1.0 × 1.5-cm hybrid-anchored channels, with a thickness of 3.5 μm. The phase transition temperatures of the confined BPLC mixture were determined to be as follows: Chol → BPI, 39.5 ± 0.1°C; BPI → BPII, 40.5 ± 0.1°C; BPII → Iso, 42.5 ± 0.1°C. For the chiral dopant concentrations used in this work, the BPIII phase is not observed; therefore, the transition occurs directly from the isotropic phase to BPII. The hybrid cell comprises a modified octadecyltrichlorosilane (OTS) glass surface at the top, which imposes homeotropic alignment, and a homeotropic bottom surface that includes a 440 × 440-μm chemically patterned area, with alternating regions of planar and homeotropic anchoring (Fig. S1 ). As mentioned earlier, BPs form periodic networks of disclination (defect) lines. Fig. 1 A and B show the disclination lines of the BPI and BPII unit cells, respectively. In the BPI, the defect lines are straight and do not intersect with each other. Since the BPI has a BCC symmetry, light reflection is only possible from the crystallographic planes (h k l), where the sum of the Miller indices, h + k + l, is an even number. According to Braggs' law, for incident light normal to the (h k l) plane, the wavelength of the reflected light is given by λ ðhklÞ = 2na= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, where n is the refraction index. For the BPII, the disclination lines form a four-arm junction at the center of the unit cell; the crystalline symmetry is SC, and light reflection is possible from all crystallographic planes. Fig. 1 includes the preferred local molecular orientation at different crystallographic planes. In this work, we denote by BPI (hkl) and BPII (hkl) the (h k l) BP lattice orientations that are parallel to the underlying substrate (Fig. S2) .
Following our previous work (14), a patterned surface consisting of an hexagonal array of rectangular areas (which impose planar anchoring to the LC over an otherwise homeotropic background) is used to produce a single-crystal BPI (110) phase. Since a BPI = 255 nm, then λ ð110Þ = 540 nm, the single crystal takes on a uniform green color. A stripe-like pattern, on the other (1 1 1). The color maps for molecular orientation are represented according to the projection of that orientation on the surface: blue is for molecules parallel to the surface, while red is for molecules perpendicular to the surface. (C and D) Confined MLC2142 mixed with the S-811 chiral dopant between an OTS-modified glass and a chemically patterned substrate, in a BP state; (C) a rectangular pattern is used to form a stable single-crystalline BPI at 40.4°C; and (D) a striped pattern is used to form a stable single-crystalline BPII at 42.2°C. The corresponding Kossel diagrams are shown to indicate the lattice symmetry. An experimental control is made by patterning a 440 × 440-μm area, keeping a border with a homeotropic anchoring alignment. The entire hybrid-cell thickness is 3.5 μm.
hand, consisting of alternating regions of planar and homeotropic anchoring, directs the formation of a single-crystal BPII (100) phase. Considering that a BPII = 150 nm, only the (1 0 0) planes reflect a blue visible light with λ ð100Þ = 450 nm. The rectangular and striped patterns are shown in Fig. 1 C and D We start by heating the hybrid cell from a cholesteric phase and examine the sequence of transitions Chol → BPI → BPII for both the rectangular pattern and the striped pattern. Fig. 2A corresponds to the sequence of images when the rectangular pattern is used to direct the formation of a single-crystal BPI (110) . During a BPI-BPII transition, the material undergoes a reconfiguration where the crystalline symmetry of the BP changes from BCC to SC. When the rectangular pattern is used, a heating process produces a transition from the BPI (110) (single crystal, dense green) to the BPII (111) (dark monodomain). On the other hand, the striped pattern provides a platform to generate macroscopic single-crystal BPII samples. Once the temperature reaches the BP region, after heating a cholesteric phase, multidomains of BPI start to form. At the BPI-BPII transition temperature, the dark blue BPI (200) domains become BPII (100) regions, which turn blue almost immediately; the green domains of BPI (110) are initially bright green, and gradually turn blue (Fig. 2B) . Since both BPs reflect visible light, we focus on the striped pattern and assess the degree of hysteresis when the temperature is varied in the BP range. When the BPs are formed by cooling from the isotropic phase, the chemical pattern mediates the nucleation of the BP. The binary striped pattern of alternative planar and homeotropic anchoring with 150-nm period produces single-crystal BPII (100) specimens (33) . The uniform homeotropic anchoring, imposed by the top surface, prefers to induce a BPII (111) . In the nonpatterned regions of the bottom substrate, multiple nucleation events and distinct mechanisms (heterogeneous and homogeneous) are at play, resulting in randomly oriented BP domains. For a fast cooling process (Fig. 3A) , the nucleated seeds on the patterned area dominate the crystal growth, and direct the formation of a single-crystal BPII (100) . Conversely, a slow cooling scheme promotes a top-substrate-mediated nucleation, and leads to a BPII (111) (Fig. 3C) . The symmetry of the Kossel diagram shown in Fig. 3C is consistent with the formation of a hexagonal blue-phase (BPH) layer in the proximity of the patterned surface (33) (Fig. S5) . In contrast to observations from solid-state crystal growth processes, the LC molecules are able to move and realign in a BP, thereby enabling a fast "sintering" process of crystals having the same orientation. At intermediate cooling rates (Fig.  3B) , both surfaces compete and the final BP consists of a mixture of black and blue domains (see Supporting Information for the details of BP crystal nucleation and growth by heating and cooling processes, and Figs. S6-S9) .
For the single-crystal BPII (100) , which was obtained from the isotropic phase following the fast cooling scheme (as in Fig. 3A ), the initial BPII (100) temperature, 40.6°C, is held constant for a few minutes to achieve thermal equilibrium. The idea is to decrease the Si substrate temperature to trigger a BPII-to-BPI transition; once the LC temperature reaches 39.6°C, the Si substrate is heated back to induce a BPI-to-BPII transition. Fig.  4 shows optical micrographs of the evolution of the phase transitions, taken in reflection mode with cross polarizers. In this experiment, the Si substrate temperature was changed from 40.6 to 39.6°C in one step, and the BPII-BPI transition was completed within 8 s; the same was observed during a reverse 39.6-40.6°C step heating, that is, a BPI-BPII transition. Two noteworthy observations are discussed here. First, the chemical patterns direct the formation of a single-crystal BPI from the perfect, single-crystal BPII, even though a stripe pattern was used. Second, within the patterned regions, the BP transitions appear to be homogenous, with nucleation and growth occurring within about 2 s (Movie S1). The hybrid cell is heated from below using a stepwise process that increases the temperature by 0.1°C every 5 min from an initial value of 39.6°C. The cholesteric to BP initial heating rate is 0.5°C per min, starting from 25°C. Cross-polarized mode reflected light microscope images of (A) rectangular pattern substrate, which directs the formation of a single-crystal BPI at temperatures between 39.7 and 40.4°C; (B) striped pattern, which is used to obtain a single-crystal BPII between 40.4 and 42.2°C. The dense green and blue colors over the 440 × 440-μm patterned area reveal the single-crystal nature of the BPs. The red squares highlight the temperatures where phase transformations are observed: 40.5 and 40.4°C for the rectangular and striped patterns, respectively. In A, a Kossel diagram for the final BPII is included. The BPI-to-BPII transformation, using the striped pattern, occurs within a 2-min interval at 40.4°C. To gain additional insights over the course of these transitions, high-resolution images were obtained for slower cooling and heating rates. These are shown in Fig. 5 . The cooling process is marked with black arrows, whereas the heating one is delineated with white arrows. Kossel diagrams are included at some temperatures to highlight the type of BP that is observed. Below the BPII-BPI transition temperature (40.5°C), different arrays of blue stripes, reminiscent of a crosshatched structure, begin to appear over the patterned region. Those stripes are perpendicular to each other, and, at the same time, they maintain a 45°a ngle with respect to the underlying pattern. As the temperature continues to decrease, the dimensions of the crosshatched pattern become larger; the characteristic green color of the BPI starts to emerge, until it covers the entire area (around 39.6°C). The resulting BPI is stable over time and is characterized by multiple grains with slightly different green tones. Once the heating starts, we observe that the size of the crosshatched stripes does not change appreciably, and that some blue color domains gradually appear and grow to form a single-crystal BPII (100) . The final BPII phase, at 40.6°C, is the same than the initial phase, serving to underscore that the transformations between BPs considered here are reversible (Movie S2). A previous report by Stegemeyer et al. (4) attributed the crosshatched structure to the mismatch between the crystalline symmetries of the BPs at the transition. We hypothesize that such a structure, including its longrange features and the observed collective motion, are a result of an underlying crystal reconfiguration process, from SC to BCC (and vice versa). The corresponding Kossel diagrams serve to identify the BP and their orientations: (i) the concentric ring pattern at 40.6°C is produced by a monochromatic light reflection from the (1 0 0) planes in the BPII (100) and (ii) the diamond-like structure is produced by the (1 1 0) crystal orientation of BPI (34) .
To arrive at a mechanistic interpretation of the underlying molecular processes for these transitions, we turn to largescale simulations. More specifically, we examine how the network of topological defects behaves and reconfigures during the BPII (100) -BPI (110) phase transition by relying on Landau-de Gennes (LdG) theory for the tensor order parameter (details of the model and simulation approach are provided in Materials and Methods). In direct analogy to our experiments, the simulations start from a stable and single-crystal BPII (100) that is confined into a 2-μm-thick hybrid channel, with the striped chemical pattern on the bottom surface. The annealing process is performed by a slight change in temperature, followed by a free-energy relaxation, before the annealing process continues. The Ericksen number is given by Er = γ 1 vH=L, where γ 1 is the rotational viscosity, v is the characteristic velocity of the backflow, H is a characteristic length, and L is the elastic constant (35) . For our system, γ is 0.2 Pa·s (36), H = 3.5 μm (slab thickness), and L = 6 pN; to roughly estimate v, we use the time for the BPI-BPII transformation obtained from the experiments (2 s) and the size of the BPI lattice constant (300 nm), which gives v = 150 nm·s −1 , these result in Er ∼ 0.0175, which is low enough to neglect backflow effects in our simulations. Fig. 6 provides representative configurations of the material as the structure evolves in time. Fig. 6A is meant to illustrate the process of defect reconfiguration and propagation for the network; a close-up of the system, showing a unit cell's progression, is presented in Fig. 6B . Fig. S10 shows the evolution of the free energy at the BPII-BPI transformation; it predicts that, once the system reaches the BPII-BPI transition temperature, a sudden reconfiguration of the disclination lines takes place, starting from the top homeotropic surface. The time required in simulations for the BPII-BPI transformation is t* ∼ 3 × 10 4 , which corresponds to t = ðγ=AÞt p ≈ ð0.2 Pa · s=10 5 Jm −3 Þ3 × 10 5 = 0.6 s, which is a good agreement with the experimental observation when considering that H in our simulations is 2 μm. Note that the stripe pattern is designed to stabilize the BPII (100) , and it is therefore to be expected that BPI formation will start from the nontreated homogeneous surface. We observe that the four-arm junctions of the BPII unfold and stretch to form straight-line defects; an increment in the space between the line defects is also observed during the transition (Fig. S11) . Consistent with the experimental observations outlined above, the final topological structure corresponds to a BPI (110) , and the phase transition occurs collectively, from top to bottom (Movie S3).
Discussion
Our chemical patterns, rectangular and striped, were engineered to seed the formation of BPI (110) and BPII (100) , respectively; within the hybrid cell, they direct and promote formation of single-crystal BPs. The growth time for formation of single crystals is much shorter than that reported for monodomains in earlier studies; on rubbed polymer substrates, for example, several hours were necessary (24) (25) (26) (27) (28) . The timescale for single-crystal growth is approximately 2 min for the BPII, and it is 1 h for the BPI when it is nucleated from a cholesteric phase (heating). These results suggest that the role of the stripe pattern goes beyond merely seeding a desired lattice orientation: it also increases the speed of the BPII nucleation and growth. Finally, we note that the viscosity of BPI is higher than that of BPII (5, 7), which serves to explain the reduced mobility and diffusion in BPI.
Because the BPI-BPII transition involves a transformation between two crystalline symmetries, it is of interest to draw analogies with transitions observed in solid crystals. In particular, the so-called martensitic transformations refer to diffusionless processes where a few atoms undergo a collective, highly coordinated motion. Because the flow of atoms is not required, there is no change in the atoms' neighbors (1). For instance, in an austenitemartensite transformation, a BCC-FCC crystalline reorganization occurs. In contrast, the crystalline structure of BPs consists of double-twist cylinders arranged in a cubic symmetry, but having characteristic dimensions in the submicron regime. BP molecules are relatively free to move, and their preferred orientation depends on their position within the BP-cell; because they are liquid, molecular diffusion takes place incessantly. To compare the BCC-SC crystalline transformation produced by the BPI-BPII system with those occurring in solid crystals, we focus on the BP features responsible for the crystalline symmetry, namely, the ordered array of double-twisted cylinders. These cylinders are not rigid, individual entities, but rather well-defined molecular regions spanning tens of nanometers.
As shown in our simulations, during a diffusionless BPII (100) -BPI (110) transition, the arrangement of the double-twist cylinders, from SC to BCC, occurs through the collective motion of molecules inside the BP cells (Movie S3). BPs are crystalline, but they are liquid, and during the BPII-BPI transition the double-twist cylinders do not diffuse but fuse and merge to produce a new crystal symmetry through local molecular twist and reorientation (Fig. S11) . Such a process involves a smooth reconfiguration of the corresponding disclination lines, and, in this case, the density of double-twisted cylinders is altered, thereby introducing or (removing) additional nearest neighbors. Solid crystal-crystal transitions are found to be strongly first order; the BPI-BPII transition, however, shows little temperature hysteresis (Fig. 4) , and it appears simultaneously throughout the patterned area (Fig. 5) . Previous experimental results (30) have shown that this transition involves latent heat, and it can be considered as weak first order. Our experiments and simulations support the view that, when viewed through the lens of the double-twisted cylinders, the BPI-BPII transformation could be considered to be a soft, mesoscopic martensitic transformation. There is not diffusion of the doubletwist cylinders that form the crystalline structures, in analogy to atomic martensitic transformations, but a change in the number of double-twisted cylinder neighbors is involved. In addition, in contrast to the Chol-BPI and I-BPII transitions, it nucleates simultaneously throughout the patterned surface.
It is instructive to highlight several differences in the formation of BPs that arise between homogeneous nucleation (in the bulk) and heterogeneous nucleation (on patterned surfaces). As mentioned earlier, Henrich et al. (31) have shown that, during homogeneous nucleation, the formation of BPI starting from Chol, and the formation of BPII starting from Iso appear to follow a sequence of metastable states. In our calculations and experiments, the system is confined and the patterned surfaces act as the preferred nucleation site. They seed a specific BPlattice orientation, thereby favoring formation of BP crystals having a particular orientation and their growth over the patterned region. When a given BP is formed, the transition to the other BP also occurs via a heterogeneous nucleation, indicating that properly patterned surfaces facilitate smooth transitions that do not appear to visit the metastable states that were identified in homogeneous processes.
Direct visualization of the underlying molecular events that characterize crystallization-how crystals are nucleated and grow-is particularly challenging. For crystalline BPs, the epitaxial assembly strategy presented here offers an opportunity to examine nucleation and growth over much longer length scales than accessible with molecular crystals. Furthermore, this can be done within the context of a liquid state, which is considerably more mobile than a solid. In the particular context of a crystalto-crystal transition, we have shown that it is possible to undergo a transition from a perfect single crystal onto another in a fast and reversible manner-an observation that is without precedent for traditional soft materials, and which offers intriguing prospects for development of fast optical switches in optically pure materials over truly macroscopic domains. More generally, single-crystal BPs offer a rich and promising platform for studies of crystal nucleation and for control of growth dynamics in soft matter.
Materials and Methods
Materials. MLC 2142 and 4-(1-methylheptyloxycarbonyl)phenyl-4-hexyloxybenzoate (S-811) were purchased from Merck. OTS, heptane, toluene, chlorobenzene, 1-methyl-2-pyrrolidinone, anisole, n-amyl acetate, isopropyl alcohol, and dichloromethane (DCM) were purchased from Sigma-Aldrich and used without further purification. Glass microscope slides were purchased from Fisher Scientific in the finest premium grade. One-minute epoxy glue was obtained from Henkel.
Preparation of BP Materials. The 36.32 wt% S-811 in MLC 2142 mixtures were prepared by using toluene as a cosolvent. After mixing with an ultrasonic cleaner, toluene was evaporated overnight under vacuum at 50-55°C.
Preparation of PMMAZO Brush Chemical Patterns. A 4-to 5-nm-thick 6-(4-methoxyazobenzene-4′-oxy)hexyl-methacrylate (MMAZO) film was deposited on an oxygen plasma-cleaned silicon substrate by spin-coating from a 0.05 wt% toluene solution and annealed at 250°C for 5 min under vacuum. During the annealing, hydroxyl groups in PMMAZO reacted with the silanol groups of the native oxide through a dehydration reaction, forming a brush layer on the substrate. Nongrafted PMMAZO was removed by sonication in toluene, and the remaining PMMAZO brush was measured to be around 4.5 nm in thickness. A 40-nm-thick GL2000 photoresist film was deposited onto the PMMAZO brush and baked at 160°C for 5 min. Striped patterns were exposed on the resists using electron beam lithography with the JEOL 9300FS electron beam writer at the Center for Nanoscale Materials, Argonne National Laboratory. Exposed substrates were developed with n-amyl acetate for 15 s and rinsed with isopropyl alcohol. The resulting resist pattern was transformed into a chemical pattern on the PMMAZO brush layer by exposing the sample to an oxygen plasma, followed by stripping the GL2000 photoresist in chlorobenzene (37) .
Preparation of Optical Cells. The glass microscope slides were boiled in a piranha solution [7: 3 (vol/vol) of 98% H 2 SO 4 /30% H 2 O 2 ] for 30 min, to remove any stains on the surface, washed with deionized water, and dried with nitrogen. The cleaned glass slides were immersed in a mixture of 13.8 μL of OTS and 120 mL of heptane. After 30 min, they were removed from the OTS solution, washed with DCM several times, and quickly dried under a nitrogen flow. The OTS glass and the Si substrate with the PMMAZO chemical patterns were placed face-to-face with 3.5-μm Myler spacer. The optical cell and the LC were heated above the isotropic temperature (∼65°C) and mixture of 2142/S-811 was injected through capillary action. The system was then slowly cooled down to room temperature.
Characterization. The thickness of the PMMAZO brush was measured by a Woollam VUV-VASE32 variable-angle spectroscopic ellipsometer. Optical characterization was performed using cross-polarized and reflection mode with an Olympus BX60 microscope with a 10× objective. Samples were heated up to the isotropic phase using Bioscience Tools TC-1-100s temperature controller controlling hot stage at different rates. UV-vis spectra of BP films were carried out using a spectrophotometer (USB4000; Ocean Optics). Kossel diagrams were used to identify the type of BP and determine the crystal orientation.
Simulations. The LCs considered here are described in terms of the tensorial representation of the mean-field LdG free-energy model. The details of the simulations are given in the Supporting Information.
